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 Abstract–In this work, we present results of our experimental 
and theoretical studies on the detection efficiency of fast neutrons 
from 239Pu-Be and 252Cf sources by the heavy oxide scintillators 
BGO, GSO, CWO and ZWO, as well as ZnSe(Te, O). We have 
investigated the efficiency of registration of the combined  and 
neutron radiation from Pu-Be and Cf-252 neutron sources and 
have explored the possibility of suppressing the -radiation by 
several methods – passive protection by lead shielding, active 
defense by detector design and the use of special software for 
gamma discrimination. The last method is the most promising, 
but it requires more detailed development. In addition, we 
provide examples of practical applications of these results, as well 
as the results of our search for new ways to develop large-sized 
detectors of lower cost by creating a new multilayer structure 
from composite (flexible) scintillator panels alternated with 
transparent plastic scintillator layers that serve as light guides. 
Index Terms— Fast Neutron Detectors, Gamma-Neutron 
Detection, Multilayer Composite Scintillators, Solid Scintillation 
Detectors, Nuclear Safety and Homeland Security. 
I. INTRODUCTION 
-3 counters are known as excellent detectors of thermal 
neutrons with high (up to 90%) efficiency. However, for 
detection of fast neutrons (FN), the use of a moderator is 
required, which lowers their efficiency by more than an order 
of magnitude. Though extensive search for a substitute for 
helium counters is being carried out, to our knowledge, no 
results suitable for broad application have been achieved. Our 
developments may be considered to represent a certain 
progress in this direction. 
It is known that the detection efficiency for the gamma-
neutron radiation characteristic of fissionable nuclear 
materials is higher by an order of magnitude than that of 
neutron fluxes alone [1-2]. Thus, an important objective is the 
creation of detection systems that are both highly efficient in 
gamma-neutron detection and also capable of exhibiting high 
gamma suppression (up to 105 n/  ratio) for use in the role of 
detection of neutrons alone. In this work, we present the 
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results of our experimental and theoretical studies on the 
detection efficiency of fast neutrons (FN) from 239Pu-Be and 
252Cf sources by the heavy oxide scintillators BGO, GSO, 
CWO and ZWO, as well as ZnSe(Te, O). In addition, we 
provide the results of our investigations into approaches to 
achieve gamma suppression and we include examples of 
practical applications of these results. 
It is of great interest to develop a detector which would 
ensure not only detection of n-  radiation, but also suppression 
of -background for improved FN detection. The ideal 
objectives for this are high – up to 50% FN detection 
efficiency, and up to 80% efficiency of simultaneous detection 
of FN and thermal neutrons (TN) with a moderator of small 
(1-2 mm) thickness. Fig.1 shows our earlier results with heavy 
oxide scintillators, with the addition of Lu- and Y- containing 
scintillators; these results confirm the promising nature of our 




Fig. 1.  Detection efficiency (%) of fast and thermal neutron fluxes from 
a 239Pu-Be source measured by the reaction (n, n’ ) in the equivalent gamma-
energy range 20-300 keV for oxide and alkali halide scintillators (see [5]). 
 
II. EXPERIMENTS 
Neutron detection pulses come from the output of an 
amplifier-shaper to the input of an analog-to-digital converter 
in the gamma-quanta detection energy range of 20-300 keV at 
an average frequency proportional to the neutron flux falling 
onto the working surface of the detector. 
To ensure unambiguous correspondence between the fact 
of a neutron interaction and the appearance of a counted pulse 
in the working window of the detecting system, the time 
constant for integration of spectrometric signals was chosen 
sufficiently large and equal for all scintillators (about 30μs). 
H
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(of 101-102 n/cm2). The method is based on simultaneous 
recording of the average counting rate in the main window I 
(Fig. 3), which contains information both on the detected 
neutrons and on noise caused by Compton scattering coming 
from the accompanying gamma-radiation of the neutron 
sources and from external gamma-sources, and in the auxiliary 
window II, which contains information mainly on Compton 
scattering. Using the well-known fact that Compton scattering 
spectra coming from gamma-radiation sources of different 
intensities are similar (Fig. 3), it is possible, by means of 
appropriate processing algoritms, to account for additional 




Fig. 3.  Energy spectra obtained in the detection of gamma-radiation and 
neutrons from Cf-252, Cs-137 No. 1 ( =6 106Bq) and Cs-137 No. 2 
( =103 Bq) sources by a CWO detector scintillator of dimensions 
Ø40 30mm. 
 
The results in Fig. 3 show the validity of the proposed 
procedures.  
1) Consideration of spectra 4 and 5, as well as 2 and 1 
demonstrates the similarity of the noise spectra both 
from gamma-sources (Cs-137 – spectra 4, 5) and in the 
case of the simultaneous recording of Compton 
scattering from an accompanying gamma-radiation and 
interfering gamma-sources (see Window II). 
2) For the efficient separation of weak fluxes of neutron 
radiation against the background of intense 
accompanying and external gamma-radiation it is quite 
sufficient to simultaneously use a lead protection shield 
d=20 mm (Fig. 2) with application at the same time of 
both active protection (n-  enhancement up to 103) and 
the “windows” method (with enhancement up to106). 
In neutron detection, it is usually desirable to decrease the 
gamma-radiation sensitivity to enhance the sensitivity to 
neutrons. However, there are situations when it would be 
desirable to detect both gamma-radiation and neutrons using 
one and the same detector, e.g., for detection and identification 
of gamma-neutron radiation from various objects used in 
nuclear physics and, in particular, the detection of illicit 
nuclear materials. 
As a result of our studies, we have found an unusual 
dependence of fast neutron detection efficiency upon the 
thickness of the oxide scintillators. Fig. 4 shows this 
dependence in comparison with existing theoretical 
assumptions. Our initial experiments demonstrated that 
detector sensitivity appeared to be linearly dependent on its 
cross sectional area. An explanation for this anomaly may 
involve the competition of two factors that accompany 
inelastic scattering on heavy atomic nuclei: (i) the 
transformation of the energy spectrum of neutrons involved in 
the (n, n' ) reaction towards lower energies, and (ii) the 
isotropic character of scattering of secondary neutrons leading 
to the observed limitation of the length of effective interaction 
(Fig. 4), since a fraction of secondary neutrons that propagate 
in the forward direction are not subject to inelastic scattering 
because of their substantially lower energy. At these reduced 
energies, it is the capture cross-section (n, ) that becomes 
predominant, resulting in lower detection efficiency. 
 
 
Fig. 4.  Measured fast neutron detection efficiency as a function of scintillator 
thickness (solid curve – measured efficiency, dashed – theoretical expectation) 
(see [7]). 
 
This result is a very important consideration leading to the 
preference for a new type of detector that can be manufactured 
with practically unlimited cross sectional area. 
 
B. Composite detectors 
We have studied the possibility of creating a composite 
detector with scintillator granules placed inside a transparent 
polymer material (to which we assign the brand name 
“ZEBRA”). Because of low transparency of such a dispersed 
scintillator, better light collection conditions are ensured by 
incorporation of a light guide between the oxide scintillator 
layers. This guide is made of highly transparent polymer 




Fig. 5.  ZEBRA detector concept for gamma-neutron radiation. The detector 
contains scintillation panels (2) with layer-by-layer arrangement of particles, 
with smaller particles of scintillation material oriented towards reflectors (1). 
From the side of larger-size particles, light guides (3) are located. The panels 
and light guides are optically connected and installed normally to a photo-
receiver (4). 
 
The use of high-transparency hydrogen-containing polymer 
material for light guides ensures not only optimum conditions 




deceleration of neutron radiation, increasing its interaction 
efficiency with the composite scintillation panels; accordingly, 
the detector signal is increased by 5-8%. Thus, we have 
developed and studied a new type of gamma-neutron detector 
based on a “phoswich” structure of composite film ZnSe, 
ZWO and light guides resulting in a combined detector of 
gamma-neutron radiation, which ensures efficient detection of 
low-energy gamma-radiation and fast neutrons. It has high 
sensitivity even to weak fluxes of neutron radiation, to be used 
in portable detecting devices. 
The combined detector of gamma-neutron radiation 
contains alternating scintillation elements on the basis of oxide 
and chalcogenide compounds, which are installed 
perpendicularly to the photo-receiver; between them, there are 
light guides of a highly transparent material. The total area of 
the scintillators and light guides is equal to the working area of 
the photo-receiver, all the elements are optically connected 
between each other and with the photo-receiver, and the side 
plates of the detectors are in the shape of the light guides. The 
scintillation elements are two-component composite 
scintillation panels of 1-3 mm thickness pairwise connected 
via a reflector. The parameters of the system are:  
• the ratio between chalcogenide (ZnSe(Al) or ZnSe(Te)) 
and oxide (ZnWO4 or LGSO(Ce)) scintillators in the 
composition panel is taken from 4:1 to 1:1; 
• the crystalline scintillation particles are located in layers 
in the immersion media, which is a scintillating plastic; 
• the concentration of said particles is about 50-70% of the 
amount of scintillation plastic; 
• their size is from 300-500 m; 
• the side of the panels with particles of smaller size faces 
the reflector, and the side with larger size faces the light 
guide; 
• the light guides are 3-5 mm thick; 
• the reflector is aluminized Mylar; 
• the total area of scintillation elements, light guides and 
reflectors is equal to the working area of the photo-
receiver. 
The dimensions our completed ZEBRA detector structure 
were 40 mm x 40 mm x 80 mm (the cross sectional 
dimensions of 40 mm x 40 mm optically coincide with those 
of the PMT). Below (Figs. 6-7) we present the results of our 
experimental studies of the various detectors fabricated as 
described above. 
 When fast neutrons interact with the scintillator material, as 
a result of inelastic scattering, gamma-quanta emerge, having 
different energies and different delay times with respect to the 
moment of neutron interaction with the nucleus of the said 
material (from 10-9 to 1.3·10-6 s). These internal gamma-
quanta are detected by the scintillator, and the emerging light 
scintillations are recorded by the photo-receiver. It is known 
that neutron sources are also intense sources of low-energy 
gamma-radiation. At the same time, dispersed scintillator 
ZnSe(Te) shows a high gamma-radiation detection efficiency 




Fig. 6. Spectrum from 252Cf by a ZEBRA detector with composite film 
ZnWO4 scintillators in curves 1, 2 and ZnSe in curves 3, 4. Curve 1 – Al foil 
between layers; curve 2 - without the Al foil; curves 3, 4 – neutron flux 




Fig. 7.  Spectrum from 252Cf by a ZEBRA detector with ZnWO4 scintillator. 
Curve 1 – scintillator without protection; curves 2, 3 – with Pb protection of 
10 mm; curves 4, 5 – with 50 mm protection. Curve 2, 4 – neutron flux 
perpendicular to flat elements. Curve 3, 5 – parallel to elements. 
 
To recap, this new type of gamma-neutron detector is 
based on a phoswich structure (with brand name “ZEBRA”) 
using a ZWO composite film and light guides. It exhibits a  
fast neutron detection efficiency of about 30%. Its high 
detection efficiency of low-energy gamma-radiation allows a 
substantial increase (by an order of magnitude) in the 
efficiency of detection of neutron sources and transuranic 
materials by means of simultaneous detection of neutrons and 
accompanying gamma-radiation. The design and fabrication 
technology of this detector allows creation of gamma-neutron 
detectors characterized by high sensitivity at relatively low 
costs (as compared with analogs using oxide scintillators) 
for portable inspection systems. The sandwich structure can 
comprise any number of plates, with no limitations for 
thickness or area. 
 
IV. CONCLUSIONS 
It is possible to detect n-  flux using detectors based 
on oxide crystals with very high sensitivity and efficiency 
(more than 50%). Such detectors have small weight and size 
and are currently ready for large-scale production. They 










with plastic scintillators and 3He counters for pedestrian portal 
monitors. 
To suppress accompanying -radiation, it is possible to use 
passive lead shielding, active protection, and a software 
method based on spectrometric windows. 
We considered these three methods to create a solid-state 
scintillation detector for FN with efficient suppression 
of accompanying -radiation. 
The traditional method using lead shielding (see Fig. 2, 
Fig. 6). Lead protection of 20 mm (checked up to 50 mm) 
ensures good suppression of -background, but the sensitivity 
to FN decreases by an order of magnitude, in full agreement 
with the data of [2]. This method may be suitable for some 
applications, but the decrease in FN sensitivity is a serious 
limitation. 
The method of active protection permits us get higher 
suppression of the -background – up to 3 orders of magnitude 
of reduction [5, 7], but introduces complexity into the detector 
design. 
The most promising method is to use a spectrometric 
window. With this method, it is possible to achieve a 107 
suppression in -radiation without decreasing the neutron 
registration sensitivity. 
While the last of these methods is the most promising, it 
is currently at the developmental stage. 
Our proposed use of a progressive multilayer composite 
scintillator (ZEBRA) will permit the creation of a detector that 
is practically unlimited in cross section and thickness. 
The ZEBRA system with PMT is especially applicable 
for examination of large objects, for example cars and trucks. 
To introduce such a multilayer composite scintillator system 
with layers transparent plastic scintillator material, they will 
need to be cheaper, more compact and more efficient than 
current standard portal monitor detectors. 
The efficiency in fast neutron detection of this new type 
of detector would range from 6% (for composite layers with 
ZnSe) to 40% (with composite layers from ZnWO4).  
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